Pollutant transport has a significant impact on the air quality of Shanghai. To quantify this impact, we comprehensively analyze the characteristics and formation mechanisms of air pollution in Shanghai, using a data set covering five selected air quality monitoring sites and a meteorological site. We find air pollution events occur ~10% of the year. These events are classified into three typical categories, namely the local pollution case (LP), the dust storm case (DS) and the regional transport case (RT), based on temporal variations and spatial distributions of PM 10 and gaseous pollutants as well as meteorological factors and backward trajectories. The ratios of SO 2 /PM 10 , NO 2 /PM 10 and PM 2.5 /PM 10 are used as indicators of long-range transport of mineral dust, while CO proves to be a good tracer of regional transport of anthropogenic pollutants. In 2007, 64% of all pollution events were RT and the mean PM 10 concentration reached 220 μg m . We estimate that transport contribution to PM 10 abundance was within the range of 34% to 64% by comparing the anomaly of the background concentration with the urban concentration.
Introduction
Shanghai is located on the alluvial plain of the Yangtze River Delta (YRD), nearly the center of China's eastern coastline, and has a typical subtropical monsoon climate. It is the largest economic center in China with a complex industrial structure, making a notable contribution to the GDP. Increasing energy consumption and anthropogenic emissions have severely deteriorated the air quality (Chan and Yao 2008) , which is seriously threatening the public health and outdoor activities in Shanghai.
Apart from local emissions, pollutant transport offers a significant contribution to the air quality of Shanghai, especially under the influence of Asian monsoon system in winter and spring (Wang et al. 2006; Guttikunda et al. 2005) . It is proved that mineral dust, originating from desert regions in Northwest China and Mongolia, can be transported under favorable weather conditions, resulting in severe and continuous air pollution in Shanghai Sun et al. 2010; Xin et al. 2010 ). More and more regional hazes occur in the YRD, providing strong evidence of regional transport of fine particulate aerosols and gaseous pollutants (Fu et al. 2008) . Frequent biomass burning in Zhejiang, Jiangsu and Anhui provinces may also worsen the air quality of Shanghai during the harvest time around May and June every year . Lin et al. (2004) developed an objective method to classify transport processes and estimate the contribution of long-range transport to the air quality of Taiwan. Wai and Tanner (2005) analyzed the influence of meteorological factors and estimated the impact of long-range transport on the air quality of Hong Kong. Taking these methods for reference, we comprehensively studied the characteristics and formation mechanisms of air pollution in Shanghai and classified transport processes into long-range transport of mineral dust and regional transport of anthropogenic pollutants. Then, we estimated transport contribution to PM 10 abundance by comparing the anomaly of the background concentration with the urban concentration, which gives decision-makers scientific support for the emission reduction policy.
Dataset and methodology
Hourly concentrations of air pollutants including PM 10 , PM 2.5 , SO 2 , NO 2 and CO were analyzed using the automatic sampling data in 2007 from Shanghai Environmental Monitoring Center. To estimate transport contribution, we selected five air quality monitoring sites carefully from the data set. Their locations are shown in Fig. 1 . Jingan is located at urban Shanghai, representing industrial and residential areas. The other four sites are set up at remote areas in different directions. There are no large pollution sources like power plants and highways in the vicinity (over 20 km away for Chongming and over 50 km away for Nanhui, Qingpu and Jinshan). Thus, they are good sites for studying transport contribution. Complete descriptions of the instruments and QC/QA can be found in Fu et al. (2008) . Surface meteorological data at Hongqiao was analyzed from the weather underground data set (http://www.wunderground.com), including temperature, sea level pressure, relative humidity, ground visibility, wind speed and direction. Sea level pressure and surface wind (at height of 10 m) were involved in this work to represent synoptic patterns over East China, produced by NOAA-ARL (http://ready.arl.noaa. gov/READYamet.php). Using HYSLPIT_4 model (Draxler and Hess 1998) , we calculated three-day backward trajectories at three altitudes of 100, 500 and 1000 m above the ground .
Based on the temporal variations and spatial distributions of PM 10 and gaseous pollutants, we classified all pollution events into three typical categories, namely the local pollution case (LP), the dust storm case (DS) and the regional transport case (RT). LP generally happens under weak synoptic system. For LP, air pollutants accumulate due primarily to local emissions under stable and stagnant atmospheric conditions. Temporal variations of PM 10 and gaseous pollutants consistently show apparent diurnal cycles, approximately following temporal patterns of local emissions. DS and RT belong to transport pollution events but with different characteristics. DS generally happens after cold front in winter and spring. For DS, PM 10 concentrations jump drastically under strong winds, while gaseous pollutants keep low levels. The dominant component in PM 10 is mineral dust from long-range transport. 2c ). Both PM 10 and gaseous pollutants showed apparent temporal variations with peaks around rush hour. Positive correlations (over 0.60) were examined between PM 10 and gaseous pollutants during the pollution period, suggesting identical sources from local emissions. PM 10 concentrations at urban site Jingan were higher than those at remote sites, particularly at peaks (Fig. 2d) . The backward trajectories (Supplement 2a) show slow-moving air parcels around the YRD over a 72-hour period prior to 1200LST on Aug. 3rd. Figure 3 shows a typical DS from Apr. 2nd to Apr. 3rd, 2007. A strong cold front arrived in the YRD in the afternoon of Mar. 30th (Supplement 1b). Sea level pressure decreased to about 1005 hPa at midnight on Mar. 31th (Fig. 3a) . Wind direction varied from south to north after the frontal passage (Fig. 3b) . Afterwards, a continental anticyclone, indicating from the sharp decrease of temperature and the increase of sea level pressure (Fig. 3a) , arrived in the YRD and brought strong northerly winds on Mar. 31th. PM 10 concentrations jumped from 200 μg m −3 to the detection maximum 1000 μg m −3 and remained for half a day, while NO 2 and SO 2 stayed at low levels (Fig. 3c) . Coarse mode particles largely dominated in PM 10 components during the pollution period. The ratios of SO 2 /PM 10 , NO 2 /PM 10 and PM 2.5 /PM 10 fell to 0.066, 0.077 and 0.16 on the peak day respectively, implying that air pollutants released from local emissions had partly been swept away and the extremely high levels of PM 10 definitely resulted from long-range transport. High PM 10 levels were evidently caught at both urban and remote sites (Fig. 3d) successively except Chongming, which is probably located out of the travel path of the dust storm. The backward trajectories (Supplement 2b) show
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b. Case study 2: Dust storm
The ratios of SO 2 /PM 10 , NO 2 /PM 10 and PM 2.5 /PM 10 , which can be used as indicators for DS , rapidly fall to extremely low levels and remain for quite a long time. RT generally happens when the slow-moving anticyclone prevails. For RT, PM 10 concentrations increase gradually by the medium-range transport mostly from neighboring provinces including Jiangsu, Zhejiang and Anhui under suitable inland winds. CO can be used as a good tracer to pursue the impact of transport due to its long lifetime (Lin et al. 2005) . Therefore, RT can be distinguished from LP by higher CO concentrations. Moreover, the temporal variations of PM 10 and CO show good correlation. The diurnal cycles become less clear or even invisible. Besides, meteorological factors as well as backward trajectories can provide more evidence for the classification as shown below.
For DS and RT, the enhancement of PM 10 concentrations can be mainly attributed to transport. For a mega city like Shanghai, local industrial and area emissions are high enough to still play a role even in transport pollution events. Thus we estimated transport contribution TC with Eq. (1).
The anomaly (C bg − C bg,a ) was used to represent transport amounts Lin et al. 2005) , where C bg refers to the background concentration represented by the average concentration at four selected remote sites and C bg,a refers to the annual mean of C bg . The urban concentration C u was represented by the concentration at Jingan. Table 1 shows the air quality of Shanghai from 2006 to 2009, using Air Pollution Index data (API, http://www.semc.com.cn). PM 10 is the major pollutant in Shanghai (Therefore, the air pollution mentioned in this study refers to PM 10 pollution). Its annual concentration remained above 80 μg m −3 in these four years, lower than the Grade-II level of Chinese National Ambient Air Quality Standards (CNAAQS, GB3095-1996) . On the four-year average, 36 pollution events occurred in Shanghai, a percentage of ~10% of the year.
Results and discussion
Air quality of Shanghai
Characteristics and formation mechanisms of typical air pollution events
Based on available observations, we comprehensively studied the characteristics and formation mechanisms of air pollution in Shanghai and classified all pollution events into three typical categories as follows. Figure 2 shows a typical LP on Aug. 3rd, 2007. A uniform pressure system controlled the weather pattern across the YRD after the frontal passage (Supplement 1a). Sea level pressure that air parcels to Shanghai originated from Mongolia dust regions and moved quite fast at a high altitude (~3 km). Dust storms were recorded in Northwest China from satellite observations on Apr. 1st and the following day (http://www.duststorm.com.cn). Figure 4 shows a typical RT from Jan. 18th to Jan. 19th, 2007 . A slow-moving anticyclone controlled the weather pattern across the YRD (Supplement 1c), which can be deduced from the sea level pressure and temperature (Fig. 4a) . Northwesterly wind prevailed for two days from Jan. 16th (Fig. 4b) , offering a suitable condition for regional transport of anthropogenic pollutants from neighboring emission areas. Low ground visibility persisted for about four days from Jan. 16th while a regional haze was recorded at that time (Fu et al. 2008) . Aerosols stayed at an extremely high level, 420 μg m −3 for PM 10 and 278 μg m −3 for PM 2.5 on the twoday average (Fig. 4c) , which were about 2.5 times as much as those in the LP case in Section 3.2.a. NO 2 showed nearly the same level as the LP case (Fig. 4c) , suggesting that the impact of local emissions nearly kept the same. The transport tracer CO showed a high level of 2.906 ppm, twice as much as that in the LP case. The temporal variations of PM 10 and CO show a high correlation of 0.97 but the diurnal cycles become less clear. PM 10 levels of both urban and remote sites showed similar trends (Fig. 4d) . The backward trajectories (Supplement 2c) show that air parcels to Shanghai pass over high emission areas at a low altitude.
a. Case study 1: Local pollution
c. Case study 3: Regional transport
Impact of pollutant transport on air quality
Applying the classification method above, we summarized the occurrence frequencies of transport pollution events and estimated the impact of transport on the air quality of Shanghai. The results of occurrence frequencies are listed in Table 2 . We calculated transport contributions to PM 10 abundance for all pollution events one by one with Eq. (1). The results show that the mean transport contribution to PM 10 abundance reached 49%, which was almost the same as the contribution of local emissions. The standard deviation of transport contributions for all pollution events was ~15%. Thus, we estimated that transport contribution to PM 10 abundance was within the range of 34% to 64%. For LP, the mean transport contribution was 28%, implying local emissions played a dominant role in PM 10 abundance. For DS and RT, the mean transport contribution reached 59% and 53%, suggesting the enhancements of PM 10 concentrations were mainly attributed to transport.
In Eq.
(1), we use the average concentration at four selected remote sites to represent the background concentration. If we just choose one single remote site like Nanhui for the background concentration, we could still get a similar result of the mean transport contribution to PM 10 abundance. However, the standard deviation of transport contributions for all pollution events become much higher (even 39% for DS). The reason is that the single site for the background concentration may lie outside the path of dust storms, leading to a serious underestimate of the transport contribution. Therefore, we finally selected four remote sites instead in this study. Lin et al. (2004) estimated that the occurrence frequency of long-range transport of air pollutants and dust reached 7% in winter and spring, by examining the air pollution data of both clean and polluted days. In this study, we just focused on the pollution events in Shanghai. All of DS and RT happened in spring and winter. The total frequency of both long-range transport and regional transport increased to 16% (29 days in 6 months) during that time period. Although our results cannot be directly compared with Lin et al. (2004) , we can reasonably conclude that Shanghai suffers more from pollutant transport than Taiwan. The topography may play a key role in this conclusion. We plan to conduct model studies to identify the source regions of pollutant transport and the mixing ratios of anthropogenic pollutants and mineral dust in transport processes.
Conclusions
Air pollution events occur ~10% of the year in Shanghai. These events are classified into three typical categories, namely the local pollution case (LP), the dust storm case (DS) and the regional transport case (RT). All of DS and RT happen in spring and winter when continental wind flows prevail across the YRD. In 2007, 64% of all pollution events were RT and the mean PM 10 concentration reached 220 μg m . We estimate that transport contribution to PM 10 abundance was within the range of 34% to 64% by comparing the anomaly of the background concentration with the urban concentration. For DS and RT, transport contribution to PM 10 abundance reached 59% and 53% respectively. For LP, transport contribution to PM 10 abundance reached 28%.
